Hypotrichosis simplex (HS) is a rare form of hereditary alopecia characterized by childhood onset of diffuse and progressive scalp and body hair loss. Although research has identified a number of causal genes, genetic etiology in about 50% of HS cases remains unknown. The present report describes the identification via whole-exome sequencing of five different mutations in the gene LSS in three unrelated families with unexplained, potentially autosomal-recessive HS. Affected individuals showed sparse to absent lanugo-like scalp hair, sparse and brittle eyebrows, and sparse eyelashes and body hair. LSS encodes lanosterol synthase (LSS), which is a key enzyme in the cholesterol biosynthetic pathway. This pathway plays an important role in hair follicle biology. After localizing LSS protein expression in the hair shaft and bulb of the hair follicle, the impact of the mutations on keratinocytes was analyzed using immunoblotting and immunofluorescence. Interestingly, wild-type LSS was localized in the endoplasmic reticulum (ER), whereas mutant LSS proteins were localized in part outside of the ER. A plausible hypothesis is that this mislocalization has potential deleterious implications for hair follicle cells. Immunoblotting revealed no differences in the overall level of wild-type and mutant protein. Analyses of blood cholesterol levels revealed no decrease in cholesterol or cholesterol intermediates, thus supporting the previously proposed hypothesis of an alternative cholesterol pathway. The identification of LSS as causal gene for autosomal-recessive HS highlights the importance of the cholesterol pathway in hair follicle biology and may facilitate novel therapeutic approaches for hair loss disorders in general.
Rare monogenic hair loss disorders (alopecias) represent valuable models for the identification of the genes that regulate human hair follicle biology. [1] [2] [3] Clinical classification of these rare forms of alopecia is based on disease onset, affected body sites, hair shaft structure, and the involvement of organs other than the skin (syndromic alopecias). The most prevalent form of monogenic alopecia is hypotrichosis simplex (HS [MIM: 146520, 278150, 146550, 604379, 607903, 613981, 615059, 615896, and 605389]), a disorder characterized by a childhood onset of diffuse and progressive scalp and/or body hair loss. Both within and between affected families, the phenotypic spectrum of HS is highly variable, and genetic research has identified autosomal-dominant and autosomal-recessive forms of the disorder. [3] [4] [5] [6] Over the last two decades, HSassociated mutations have been identified in a total of ten genes, with autosomal-recessive forms having shown association with mutations in LPAR6 (MIM: 609239), LIPH (MIM: 607365), and DSG4 (MIM: 607892). [7] [8] [9] Despite these breakthroughs, genetic etiology in around 50% of familial and sporadic HS cases remains unknown.
The aim of the present study was to further elucidate the genetic background of HS via whole-exome sequencing (WES). Causative mutations for autosomal-recessive HS were identified in the lanosterol synthase (LSS) gene (MIM: 600909), which encodes the protein lanosterol synthase (LSS; EC 5.4.99.7). LSS is implicated in cholesterol biosynthesis, thus emphasizing the key role of this metabolic pathway in the homeostasis of hair growth.
The study was approved by the ethics committee of the Medical Faculty of the University of Bonn, Germany, and all study procedures were performed in accordance with the principles of the Declaration of Helsinki. All participants provided written informed consent prior to inclusion.
The initial blood samples for the present study were collected from an affected female sib-pair of Arabic origin (Figures 1A, 1B , and S1A, individuals II:1 and II:2). DNA was extracted from peripheral blood according to standard procedures. No blood samples from the unaffected parents were available.
Both sisters had presented at birth with sparse, lanugolike scalp hair and short and brittle eyelashes. Pronounced scalp hair loss and partial loss of the eyebrows and eyelashes commenced in primary school. At the ages of 16 and 19 years, respectively, clinical examination revealed sparse scalp hair ( Figures 1A and 1B ) and a pronounced paucity of body hair. To investigate a suspected autosomal-recessive mode of inheritance, sequencing was performed for all genes with a known association to autosomal-recessive HS. However, no pathogenic mutation was identified. WES was then performed. First, 1 mg of DNA was sonicated, and the fragments were subjected to end-repair and adaptor-ligation. After size selection, the libraries were enriched with the SeqCap EZ Human Exome Library version 2.0 kit (Roche NimbleGen). The libraries were then sequenced using a paired end protocol and an Illumina HiSeq 2000 (Illumina), as described elsewhere. 10 Data filtering and analysis were performed using the varbank pipeline v.2.18. These steps focused on rare autosomal variants that were present in a homozygous or potentially compound heterozygous state and shared by both sisters. In addition, different variables were considered, including (1) known phenotypes associated with candidate genes, (2) pathogenicity scores of the mutations, (3) annotation of the mutations in exome/ genome sequencing databases, (4) tissue expression data, and (5) screening of the available control cohort and unrelated patients. Data analysis revealed the homozygous missense mutation c.1172T>C (p.Phe391Ser) in LSS Figure S1A ) with equally reduced but slightly longer scalp hair. (C) Index case (individual II:1 in Figure S1B ) of Swiss origin at age 2 years, presenting with very sparse, lanugo-like scalp hair and sparse and brittle eyebrows and eyelashes. (D) Pedigree of the HS family from Afghanistan demonstrates pseudodominance. Affected family members are shown in black; circles and squares denote females and males, respectively. Mutations of sequenced individuals are depicted. (E and F) Clinical manifestation in the Afghani patients (individual II:2 and III:2 in Figure 1D ): sparse scalp hair, sparse to normal eyebrows, normal eyelashes, and sparse beard hair (individual II:2).
(GenBank: NM_002340.5) ( Figure 2A ). Other compound heterozygous mutations were excluded as none of them was in a plausible candidate gene. Thus, LSS was considered the only candidate, and we focused our attention on this gene. The c.1172T>C (p.Phe391Ser) LSS variant was confirmed by Sanger sequencing, which was performed using the BigDye Terminator v.1.1 Cycle Sequencing kit and an ABI 3100 genetic analyzer (both Applied Biosystems). Primers are listed in Table S1 . Subsequent screening of the Bonn HS cohort led to the identification of LSS mutations in two additional families.
In a non-consanguineous family from Switzerland, a sibpair presented with congenital alopecia (Figures 1C and S1B; individuals II:1 and II:2). On recent clinical examination in adolescence, both siblings displayed sparse, lanugolike scalp hair, sparse and brittle eyebrows, sparse and thinned eyelashes, sparse hair on the extremities, and an absence of axillary and pubic hair (data not shown). In addition, both siblings displayed intellectual disability. In both affected individuals, mutation analysis revealed compound heterozygosity for one missense and one nonsense mutation in LSS. These mutations were designated c.625A>T (p.Asn209Tyr) and c.423G>A (p.Trp141*), respectively ( Figures 2B and 2C ). The unaffected father carried the mutation c.423G>A (p.Trp141*) in the heterozygous state. The unaffected mother was heterozygous for mutation c.625A>T (p.Asn209Tyr).
In a non-consanguineous family from Afghanistan, four individuals (II:1, II:2, III:2, and III:3; Figure 1D ) presented with HS. On clinical examination at the ages of 31, 29, 6, and 1.5 years, respectively, all four individuals presented with sparse, lanugo-like scalp hair, sparse and brittle eyebrows, normal eyelashes, normal hair on the extremities, sparse pubic hair, and an absence of axillary hair ( Figures  1E and 1F ). Using exome data and subsequent Sanger sequencing, the following two compound heterozygous LSS mutations were identified in individuals II:1 and II:2: c.304C>G (p.Leu102Val) and c.743T>C (p.Leu248Pro) ( Figures 1D, 2D , and 2E). Using Sanger sequencing, both mutations were identified in individual III:2. In addition, mutation c.743T>C (p.Leu248Pro) was detected in a homozygous state in individual III:3 and in a heterozygous state in individual II:3 ( Figure 1D ). The inheritance pattern in this family illustrates pseudodominance.
In total, the present analyses identified five different mutations in LSS ( Figure 2F ) in three unrelated HS-affected families of distinct ethnic origins. These comprised one nonsense mutation and four missense mutations. LSS is located on chromosome 21q22.3. Alternative splicing results in multiple transcript variants which encode for different isoforms. Transcript variant 1 (GenBank: NM_002340) has a 37,642 bp open reading frame, comprising 22 coding exons. This open reading frame encodes the 732 amino acid membrane-bound protein LSS, which is also termed oxidosqualene cyclase.
LSS is a key enzyme within the pathway of cholesterol biosynthesis. 11 Here, LSS catalyzes the transformation of (S)-2,3 oxidosqualene to lanosterol. 12 Following this transformation, cholesterol can be synthesized via one of two independent routes, the Bloch pathway 13 or the Kandutsch-Russell pathway. 14, 15 Both pathways utilize the same enzymes, but in a different order, thereby leading to the formation of different intermediates. In this context, the preferential use of either of the two pathways is tissue dependent. 16 In the skin, cholesterol is mainly synthesized via the Kandutsch-Russell pathway, which is also responsible for the formation of vitamin D from 7-dehydrocholesterol. 16, 17 Sequence deviations at amino acid residue Trp141 of LSS are not annotated in the Exome Aggregation Consortium (ExAC) or the Genome Aggregation Database (gnomAD) ( Table S2 ). Notwithstanding, the nonsense mutation p.Trp141* is likely to result in either nonsense-mediated mRNA decay or the formation of a truncated LSS protein.
Of the four missense mutations detected in the present analyses, alterations at residue Leu102 are not annotated in the ExAC or gnomAD. For the amino acid residues Asn209, Leu248, and Phe391, sequence deviations are reported at very low frequencies in the heterozygous state. However, none of the aforementioned databases describe these three residues in a homozygous state.
The missense mutations p.Leu102Val, p.Asn209Tyr, p.Leu248Pro, and p.Phe391Ser affect evolutionarily highly conserved amino acid residues ( Figure S2 ) and are predicted by MutationTaster, SIFT, and PolyPhen-2 to be pathogenic.
The three-dimensional structure of human LSS has been determined via X-ray crystallography. 18 Analysis of the impact of the present missense mutations on LSS structure revealed that at least three of these mutations will have deleterious effects on the protein ( Figures 2G and S3 ). Amino acid residues Asn209 and Leu248 are localized at the interface between LSS and the bilayer of the endoplasmic reticulum (ER). Alterations at these residues will likely impair anchoring, and thus the localization of the protein at the membrane. Phe391 is located at the active site cavity directly facing the dimethyl groups of the steroid A ring system. Mutation p.Phe391Ser leads to substitution of a hydrophobic, non-polar residue by a polar amino acid. Since Phe391 defines the hydrophobic cavity that is essential for ligand binding, an amino acid change at this residue is likely to compromise the ability of the protein to interact with binding partners. Leu102 has no involvement in the binding of lanosterol or lipids and does not face the ER directly. However, substitution of this amino acid may have general deleterious effects on the folding of the protein-ligand interactions by dislocating the hydrophobic L 102 FLL motif. Phe103 and Leu104 are arranged in a helical conformation within this motif and coordinate the aliphatic side chain of the lanosterol ligand, thereby delineating this end (or the steroid opposing end) of the ligand binding cavity. Substitution of Leu102 by the smaller valine residue could displace Phe103 and Leu104 and prevent formation of the normal ligand binding cavity, thereby altering the catalytic activity of the enzyme. The nonsense p.Trp141* mutation results in a premature stop codon and thus the omission of the N-and C-terminal catalytic domains of the 83 kD protein.
To study the structural and functional consequences of the mutations, the expression of LSS in different tissues was assessed and verified using MTC cDNA panels I and II (Takara Bio Inc.) and specific primers ( Figure S4A ). Expression was also verified in blood and hair follicle cDNA from healthy donors ( Figure S4B ). These analyses revealed that the expression of LSS is ubiquitous.
To determine the precise localization of LSS in human scalp hair follicles, skin biopsies from healthy individuals were evaluated using immunohistochemistry and immunofluorescence. Following ethics committee approval (University of Luebeck, n. 06-109, 18-07-06 and University of Muenster, n. 2014-041-b-N, 22-01-14 and n. 2015-602f-S, 3-12-15) and written informed consent, human skin scalp specimens were obtained from women undergoing cosmetic facelift surgery. As a positive control tissue, anonymized uterine tissue samples were obtained from the Department of Pathology, University of Luebeck, following appropriate ethical approval (University of Luebeck, n. 06-109, and University of Muenster, n. 2014-041-b-N). The requirement for written patient consent was waived. Sections were prepared from paraffinembedded tissue. Immunohistochemistry revealed LSS expression in the outer root sheath and hair matrix of the hair follicle epithelium. LSS expression was more prominent in the proximal (bulb) hair follicle and outer root sheath than in the distal compartments, i.e., the infundibulum and bulge ( Figures 3A-3F ). LSS expression was also observed in the dermal papilla, a few cells within the connective tissue sheath, and other extra-follicular skin structures, i.e., the epidermis, sweat glands, sebaceous glands, and blood vessels. The intrinsic brown color of melanocytes precludes precise assessment of LSS expression in the hair bulb via immunohistochemistry. Therefore, immunofluorescence analyses were performed. These demonstrated that LSS was also expressed in the hair bulb and confirmed that the protein is ubiquitously expressed in human hair and skin ( Figures 3G and 3H ).
Investigations were then performed to determine whether the present mutations have a differential impact on LSS protein levels. For this purpose, a pcDNA3.1 vector containing the sequence for LSS transcript variant 1 was used (GenScript). Using primers listed in Table S3 and the QuikChange II Site-Directed Mutagenesis kit (Agilent), specific mutants were generated. Subsequently, the keratinocyte cell line HaCaT, established by Boukamp et al., 19 was transiently transfected with the wild-type (WT) and mutant constructs. Immunoblot analysis with an anti-LSS antibody that binds to the N terminus of the protein revealed the presence of a band of around 80 kDa for both the WT and the missense mutants ( Figure 4A ). Quantification of LSS revealed no significant difference in protein level, indicating that the missense mutations do not impair protein production. Although the mutation p.Trp141* is most probably pathogenic, its effect was assessed via immunoblotting. No signal was generated for the mutant containing the nonsense mutation. This suggests that the transcript is unstable and rapidly degraded by nonsense-mediated mRNA decay. 20 To study the precise cellular localization of WT and mutant LSS, immunofluorescence analyses were performed in HaCaT cells ( Figure 4B ). Co-staining for the protein disulfide isomerase (PDI), which is a marker for the ER, showed that WT-LSS localized to the ER. In contrast, all four missense mutants co-localized to both the ER and cytoplasm, indicating an aberrant localization pattern for mutant LSS. Therefore, a plausible hypothesis is that the present missense mutations confer their pathogenic effects through the intracellular mislocalization of mutant LSS rather than via protein-level aberrations. In accordance with the results of immunoblotting, no signal was generated for the nonsense mutation p.Trp141*. Again, this suggests that the mutant transcript undergoes rapid degradation. Cells were fixed with paraformaldehyde 4% and then permeabilized with PBS-Tween20 for 10 min. After blocking with BSA supplemented with 1% normal goat serum for 1 hr, cells were incubated with mouse monoclonal anti-LSS antibody (sc-514507; Santa Cruz, 1:500) and rabbit monoclonal anti-PDI (EPR9499; Abcam, 1:500) for an additional hour. This was followed by incubation for 40 min with the secondary antibodies anti-mouse Cy3 (A10521, LifeTechnologies, 1:500) and anti-rabbit AlexaFluor488 (ab150077, Abcam, 1:500) with addition of DAPI (Invitrogen). Slides were then mounted with Mowiol and images were generated with the Zeiss Axioplan 2 imaging microscope and the Cytovision 7.4 software. The analysis revealed the co-localization of wild-type (WT) LSS with the endoplasmic reticulum (ER). For the missense mutants, distribution of LSS both inside and outside of the ER was detected. No LSS signal was observed for the nonsense mutant. (B) For immunoblotting, the WT LSS and the five mutant constructs were used to transiently transfect HaCat cells. The experiment was replicated a total of three times. Transfection was carried out on 60% confluent cells using Lipofectamine 3000 (Invitrogen), according to the manufacturer's instructions. After 48 hr, cells were lysed in RIPA buffer supplemented with Protease Inhibitor Cocktail (Thermo Fisher Scientific) for 30 min on ice. After sonication and centrifugation at 10,000 3 g for 10 min, the supernatants were quantified via Bradford assay. For each sample, 40 mg of total proteins were mixed with Laemmli buffer (Bio-Rad Laboratories) and boiled at 95 C for 5 min. Samples were then run on a TGX stain-free 4%-15% precast gel and transferred to a PVDF membrane (Bio-Rad). The rest of the procedure was carried out using the mouse anti-LSS antibody (sc-514507; Santa Cruz, 1:1,000) and the WesternBreeze chemiluminescent anti-mouse kit, according to the manufacturer's instructions. Visualization of the bands and quantitation was performed with the Chemidoc imaging system and Image Lab software (Bio-Rad Laboratories). With the exception of the nonsense mutant, bands of the expected size were detected for the WT and the mutations. Quantitation was performed by normalization of the bands to total protein content in each lane. This revealed no important differences in LSS protein expression.
To assess a possible general effect of the present LSS mutations on cholesterol biosynthesis, further analyses were performed in blood samples from the HS-affected family from Afghanistan (individuals II:2, II:3, III:1, and III:2; Figure 1D ). Cholesterol levels and intermediates in the pathway of cholesterol biosynthesis were examined using a validated gas chromatography/mass spectrometry with selected ion monitoring approach (Supplemental Material and Methods). Hereby, we excluded blood abnormalities of cholesterol or its intermediates in affected and unaffected family members. An extended assessment of metabolites in the serum samples of this family was then performed using a metabolomic test kit and LC-MS/MS (AbsoluteIDQ p180 Kit, Biocrates Life Sciences AG). Measurements included a total of 188 metabolites. These comprised biogenic amines, amino acids, and hexoses, as well as a variety of acylcarnitines, sphingolipids, and glycerophospholipids (Supplemental Material and Methods). In accordance with the other analyses, no differences in metabolite levels were observed between homo-and heterozygote carriers.
These results suggest that the present LSS mutations would be expected to lead to a hair loss phenotype only. This is likely to be attributable to the presence of LSS in the cytosol and the subsequent disruption of protein-protein interactions in the endoplasmic reticulum, or a potential cellular accumulation of precursors of cholesterol synthesis. 21 This may lead to processes such as inflammation; 22 organelle stress originating in the ER, mitochondria, and peroxisomes; 23, 24 or modification of lipid proteins involved in Hedgehog and Wnt signaling. 25, 26 Although protein mislocalization may confer a sufficient degree of cell toxicity to cause damage to the hair follicle, it does not lead to a pathological disruption of cholesterol biosynthesis in general. In line with this hypothesis, all of the present affected individuals displayed hair abnormalities only and thus a non-syndromic form of HS, as supported by the analysis of cholesterol biosynthesis in blood and serum from the family from Afghanistan. In this context, the intellectual disability reported in the two Swiss siblings is considered coincidental. This is supported by the fact that no intellectual disability was apparent in any of the other affected individuals in the present study.
Interestingly, previous authors have reported an autosomal-recessive inheritance of LSS mutations in subjects with eye lens defects from China. Zhao 27 In contrast to the five mutations detected in our study, the respective sequence deviations are located toward the C-terminal end of LSS, in the highly conserved terpene synthase region, where they are likely to affect the binding site for lanosterol. As in the present analyses, Zhao et al. detected no difference in cholesterol levels for WT and mutant LSS. 27 In a recent report, Chen et al. described an individual with two compound heterozygous mutations in LSS (c.1025T>G [p.Ile342Ser] and c.1887G>T [p.Trp629Cys]). 28 While p.Trp629Cys is even more proximal to the C terminus of LSS and downstream of the lanosterol binding site, p.Ile342Ser lies toward the N-terminal region, as do the five mutations detected in the present analyses. Interestingly, the individual reported by Chen et al. showed an intermediate phenotype, with congenital cataracts, baldness, and absent eyebrows. 28 Thus, a plausible hypothesis is that in subjects with recessive LSS mutations, the phenotype is dependent on the localization of the respective nucleotide change. Consequently, mutations occurring toward the N terminus of LSS would give rise to hair loss, whereas mutations toward the C terminus would be associated with ocular abnormalities.
Sterols, in particular cholesterol, are abundantly synthesized in the skin, hair follicle, and sebaceous glands and form the main components of human and animal hair. [29] [30] [31] Research has identified associations between distinct hair loss disorders in humans and mice and mutations resulting in a dysfunction of cholesterol biosynthesis. The latter involve a number of genes. 21, [32] [33] [34] An unsurprising finding, therefore, is that hair loss is a reported side-effect of the statins, a group of drugs used in clinical practice to lower blood levels of cholesterol and lipids. 25 In line with the importance of cholesterol in hair homeostasis, de Stefano et al. reported two individuals with HS secondary to mutations in ABCA5 (MIM: 612503). 32 This gene encodes a lipid transporter that is implicated in the efflux of cellular cholesterol. 35 The authors found that mutations in this gene resulted in an accumulation of autophagosomes and cholesterol in the lysosomes of mutant keratinocytes. Furthermore, mutations in EBP (MIM: 300205) cause the X-linked disorder Conradi-Hünermann-Happle syndrome (CDPX2 [MIM: 302960]), which is a variant of chondrodysplasia punctata. This syndrome is characterized by a variety of symptoms, including aberrant calcification of the bones, ichthyosis, cataracts, and alopecia. EBP encodes for the protein emopamil-binding protein (EBP), which is also an intermediate of cholesterol biosynthesis. The EBP protein is localized in the ER, where it functions as delta(8)-delta(7) sterol isomerase. 36 In contrast to the Afghani subjects from the present analyses, in whom blood levels of cholesterol and cholesterol biosynthesis intermediates were normal, patients with mutations in EBP have abnormal sterol profiles. 33 This might explain why in addition to a hair phenotype, patients with Conradi-Hünermann-Happle syndrome present with organ involvement and thus a syndromic form of alopecia, whereas the present subjects displayed a non-syndromic form of HS.
LSS plays an important role in cholesterol biosynthesis. Therefore, human in vitro and in vivo disease models based on LSS mutations, such as the distinct form of autosomalrecessive HS described in the present report, could have significant translational implications. In view of the demand for novel alternatives to statins, 37 the potential use of LSS as a target for cholesterol-lowering drugs is currently being evaluated. 12, 38, 39 Research has shown that the inhibition of pre-squalene enzymes can impair isoprenoid biosynthesis and thus diverse vital cellular processes, such as RNA transcription, ATP synthesis, and protein modification. 38, 40 Since LSS comes into play after squalene formation, this protein represents an interesting therapeutic target for the development of hypocholesterolemic drugs. However, despite this potential, no direct inhibitor of LSS has yet been approved for therapeutic use. This is probably due to the lack of selective LSS inhibitors and the putative side effects noted in pre-clinical studies. Interestingly, Pyrah et al. 41 have reported on the systemic effects of two LSS inhibitors in mice and dogs. These included the formation of cataracts in both species, while skin and hair-related defects were observed in dogs only. However, in dogs and rabbits, treatment with lanosterol prevented the formation of aggregates, thus ameliorating the cataract severity. Topical administration of lanosterol may represent a future strategy for alopecia prevention or the stimulation of hair growth.
Taken together, the present data underscore the importance of cholesterol homeostasis in the regulation of human hair biology. However, the precise mechanisms through which defective cholesterol biosynthesis leads to hair abnormalities and other pathological phenotypes, such as cataracts, remain elusive. 25 The present results suggest that perturbation of the cholesterol synthesis pathway secondary to mutations in LSS results in a distinct HS subtype due to mislocalization of mutant LSS in the cytoplasm. The present findings therefore suggest that LSS plays an important role in the regulation of hair growth and may facilitate the development of novel therapies for hair loss.
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